V asodilator therapy is widely used in the treatment of congestive heart failure. Arteriolar dilating agents such as nitroprusside exert a favorable effect on left ventricular load by reducing systemic vascular resistance, low-frequency impedance, and the amplitude of arterial wave reflections.1-3 The role of right ventricular (RV) unloading in congestive heart failure remains largely unexplored, despite recognition that RV performance has both functional and prognostic importance in heart failure. [4] [5] [6] Although some vasodilators reduce pulmonary vascular resistance, this is a steady-flow measurement that provides an incomplete description of pulsatile flow in a vascular bed characterized by low pressure and high compliance.
We studied the effects of graded doses of nitroprusside on pulmonary artery (PA) resistance, impedance, and wave reflection properties in patients with severe congestive heart failure to determine (1) whether favorable alterations in low-and high-frequency impedance occur in addition to the expected change in pulmonary resistance; (2) whether the behavior of PA wave reflections is modified by vasodilators; and (3) whether and by what mechanism improvement in the efficiency of RV-vascular interaction occurs during vasodilator administration.
Methods
Fifteen male patients with chronic congestive heart failure were studied. Their mean age was 56 years (range, 41 to 64 years). The patients all had severely limiting symptoms of congestive failure despite treat-ment with digitalis, diuretics, and vasodilators and were undergoing evaluation for orthotopic heart transplantation. Before they participated in the study, its nature and risks were explained, and informed consent was obtained in accordance with policies of the institutional review board.
Catheterization Protocol
At the time of the study, all patients were fasting and premedicated with diazepam or diphenhydramine. Digoxin and diuretic therapy were continued, but all vasodilating drugs were discontinued for at least 12 hours before study. A balloon-tipped catheter was placed in the PA to record pressures and thermodilution cardiac output. With a long dilator/sheath set inserted via the femoral vein, an 8F high-fidelity catheter (Millar Instruments, Inc) was also positioned in the PA. This catheter has solid-state pressure transducers located 4 Fig 2. At successively higher doses of nitroprusside (Fig 2, B , C, and D), the magnitude of the peak reflected wave can be seen to decrease as a fraction of the incident wave. In addition, the timing of the peak reflected wave moved progressively later in systole, ultimately falling at or just after the dicrotic notch.
Examination of individual data at the lowest nitroprusside dose revealed that although there were no group mean changes, disparate behavior was evident in that six patients actually experienced a decrease in stroke volume. Of these six, five demonstrated increased Z1 at this dosage level, whereas the remaining nine patients (eight of whom had stroke volume increases) all showed decreased Z1. There was no discern- Effects of Nitroprusside on RV-Vascular Interaction: Importance of Low-Frequency Impedance A primary finding of this study is that low-frequency impedance, represented by Z1, is a sensitive measure of the effects of vasodilators, especially at low doses. Hydraulic pulsatile power is proportional to the product of flow squared and impedance at each frequency. The first and second harmonics of flow are invariably of the greatest magnitude, exceeding even the mean flow term. 20 The corresponding pulsatile power terms, although they do not contribute to net forward flow, therefore add significantly to the hydraulic power expended to produce it. Accordingly, reduction in the magnitude of low-frequency impedance induced by nitroprusside reduces the quantity WT/CO even before pulmonary resistance is significantly changed. This indicates an improvement in the efficiency of ventricularvascular interaction, since less of the total expended power is "wasted" in oscillations. The long-term effects of such improvement are unknown but are not likely to be negligible, since almost 20% of total hydraulic power was accounted for by pulsations.
In the only previous study of the effects of vasodilation on PA reflection, Yin et No previous study has investigated the relation of pulsatile hydraulic properties to stroke volume during low-dose nitroprusside infusion. For the group as a whole, no change in any measured parameter was found. However, examination of the stroke volume data revealed that some patients actually experienced a decrease in stroke volume at the lowest dose. As detailed above and in Fig 3, this was associated closely with the change in first-harmonic impedance. The mechanism for this effect probably relates to alterations in wave reflections, which are responsible for the existence of impedance oscillations. 21 We found that only the change in reflection factor correlated with the change in Z1. Therefore, changes in pulmonary pulsatile properties appear to account for the paradoxical response seen in some patients at low doses of nitroprusside. At higher doses, all patients experienced improvement in forward flow, since initial increases in Z1 seen in some patients were reversed. At these doses, changes in parameters at all frequencies (mean term: resistance; low frequencies: Z1, reflection factor, and backward wave arrival time; high frequencies: Zc) occurred in favorable directions, and all therefore contributed to improved stroke output.
Although altered wave reflections can explain the reduction in Z1 that occurred during pulmonary vasodilation, there is another possible mechanism. Experimental studies have shown that decreased compliance in the aorta causes increased low-frequency impedance. 22 Assuming that the same relation would apply in the PA, it is possible that reduction in mean PA pressure during nitroprusside administration led to increased compliance, hence decreased Z1. In the total group of 15 patients, both mean PA pressure and Z1 were unchanged at the lowest drug dose, and both decreased significantly at the second dose, in accord with this mechanism. However, as discussed above, there was no correlation between change in either stroke volume or Z1 and change in mean PA pressure at the lowest dose of nitroprusside. Therefore, although PA compliance changes may play a role in altered Z1 at higher doses, at the lowest dose, change in wave reflections appears to be the most likely explanation for decreased Z1.
Our findings show that in patients with congestive heart failure, very This process also minimizes any effects of respiration by averaging across at least 25 beats. The noise levels of the pressure and flow measuring and recording systems used in this study have been determined, and harmonics of pressure and flow falling below these levels were not included in the analysis.
Calculation of pulmonary resistance using wedge pressure to estimate left atrial pressure may be subject to inaccuracy whenever alveolar or interstitial pulmonary pressures exceed left atrial pressure. This is unlikely to have occurred in the baseline state, when wedge pressure was elevated well above the normal range. At the higher nitroprusside doses, however, it is possible that this effect resulted in overestimation of pulmonary resistances. In this case, we might have failed to detect a significant decrease in resistance at dose 2.
Conclusions
The effects of nitroprusside vasodilation on pulmonary vascular properties in patients with chronic severe congestive heart failure are complex and vary depending on the dose given. At low doses, nitroprusside alters PA hemodynamics in congestive heart failure primarily through changes in low-frequency impedance. In some patients, this effect is associated with decreased stroke output. At higher doses, favorable alterations in resistance, low-and high-frequency impedance, and wave reflections all contribute to increased forward flow and decreased power requirement per unit forward flow. These findings show that ventricular-vascular interaction is importantly affected by pulmonary vasodilation and that appreciation of pulsatile properties is required to understand the effects of pulmonary vasodilation on cardiac output.
